Navigation is a key element influencing fluent, rapid, and safe transport of people and goods. During the last years, special attention was paid to satellite navigation, which is a part of radionavigation where positioning is done thanks to artificial satellites. Issues of application and development of satellite navigation systems in civil aviation are the subject of numerous research and scientific studies in the world. The quality of satellite signal determined by parameters such as accuracy, continuity, availability, and integrity determines possibility of its operational use. Particular attention of scientific research is therefore devoted to the requirements and limitations imposed on satellite systems prior to their implementation in aviation. This extremely important aspect justified undertaking of the aforementioned problem in this article. The paper attempts to answer the question on how to facilitate selection of navigation techniques for the aircraft operator, taking into account factors determining the accuracy, continuity, availability, and integrity of the satellite signal. As a result, the purpose of the work was defined as development of a method for forecasting the values of satellite navigation signal parameters used in air transport by artificial neural networks, taking into account selected atmospheric conditions. Results included in the work indicate further directions of satellite navigation system development. Due to authors' opinion, the researches should focus especially on the analysis of real-time satellite signal parameter performance or creating applications for UAVs automatically deciding about used techniques of navigation.
Introduction
Aviation is one of the fastest growing branches of transport, not only because of the number of passengers or flight operations but also thanks to intensive implementation of new technologies in the industry. These technologies, in air transport, are generally referred to CNS (communication, navigation, and surveillance). Transport will not function properly without these services being provided. It can therefore be concluded that the dynamic progress in modernizing CNS techniques can directly or indirectly affect the attractiveness of air transport for users. On June 21st, 2018, the Polish project of operational implementation of instrumental approach procedures for landing using satellite signal supported by an SBAS (satellite-based augmentation system)-EGNOS (European Geostationary Navigation Overlay Service)-was completed. This made Poland one of the few countries in which such approach procedures were applied at the majority of controlled airports present in the FIR (flight information region) Warsaw. Requirements for adopted procedures were based on the minima from the instrument landing approach ILS (instrument landing system) cat. I. They refer to four main signal parameters and include the following: It can therefore be concluded that satellite systems and signals provided by them are a key element in the development of strategy of civil aviation systems. It can not be overlooked that the limited operational use of satellite systems in air transport is caused by various errors that are inherent to the work of these systems. The satellite system, in all its complexity, can be treated as a measurement system-accuracy of which is one of its most important features [1] .
The article's research problem concerns on the use of information about atmospheric factors that disrupt the satellite signal to forecast the value of signal parameters (accuracy, continuity, availability, and integrity). The rationale for this choice is, inter alia, that satellite systems are considered to be the future of navigation and surveillance in aviation. Failure in meeting signal requirements prevents their operational use. What is important, in the processes of air traffic management, is that such systems are commonly used in all phases of flight, and thus, determining and predicting signal parameters become an important problem.
Research topics including the influence of atmospheric phenomena on satellite signal parameters are widely described in the literature on the subject. A review of this literature made for the purposes of the article also points out many studies conducted in the field of modeling and prediction of signal parameters through artificial neural networks. However, no detailed studies that would include use of tropospheric, ionospheric, and historical data to forecast values of signal parameters in application to navigation in air transport have been found so far. Their implementation will therefore have a significant impact on the development of science in this area. The layout of the article will be as follows: in the next chapter, a review of world literature in this area was carried out and the state of the art was presented. Secondly, the methodology of research was approximated in the context of a given research problem. In the next step of procedure, the researches were presented and their results were analyzed. The last chapter proposes directions for further research.
Literature Review and the State of the Art
Already in publications from 2000, there was visible interest in satellite systems in application to various fields of engineering. Even though, originally, the GPS (global positioning system) was created for navigational activities, it was quickly discovered that it has numerous purposes, such as surveying, determining the place of rapid seismic movements, or relocating bridges and other large engineering structures [2] . It turned out, however, that the use of the GPS entails the necessity to correct errors caused by the atmosphere or the signal reflection in determining the position [3] . In the article from 2016, a method of elimination of GNSS multiverbal errors with the use of an integrated measurement system and artificial neural networks was proposed [4] . In another source, a new method of improving the positioning efficiency measured by pseudoranges in the degraded signal environment has been proposed. This method is intended to reduce the loss of measurement accuracy by introducing an additional parameter to the model, which includes time scale difference, hardware delays, and correction of measurement errors between the respective satellites and reference points [5] . Importantly, there are also works related to the study of the influence of external factors on the quality of the satellite signal. The team of Ordóñez Galán et al. uses artificial neural networks to analyze the accuracy of measurements made with the GNSS technology in case if the GPS receiver is in a wooded environment. Measurements were made every second, for one hour at twelve different points in the forest area. Each point was characterized by a slightly different external environment (tree density, tree volume, etc.). First of all, the position error, the signalto-noise ratio, and the number of satellites available for the measurement were examined. As a result of the experiment, a model of artificial neural networks was proposed in which the given conditions were dynamically taken into account over time [6] . More similar studies are described in the publications [7, 8] .
The literature also touched the important issue of signal integrity. It is a measure of the probability that can be attributed to the correctness of information provided by the navigation system. In EGNOS, its mapping are values of protection levels monitored during system operation [9] . Monitoring of the integrity of the system's operation is possible thanks to RAIM (receiver autonomous integrity monitoring). RAIM is a software that validates the information received from satellites using only the signal from a given satellite navigation system, e.g., by comparing the position determined by different combinations of signals from various sets of satellites observed. According to new sources, the alternative for RAIM is to be SAIM (satellite autonomous integrity monitoring) [10] [11] [12] [13] .
In view of the received satellite signal, an appropriate amendment should be adopted, taking into account its passage through various layers of the atmosphere. For example, to determine the correction taking into account the course of signal through the ionosphere, the vertical component of the electron density TEC (total electron content) is assumed. This is the total number of electrons gathered between two points along a column with a crosssection of 1 m 2 and the base of the rectangle. Due to the significant influence of TEC on the quality of the received satellite signal, much attention was focused on the prediction of TEC, also using artificial neural networks [14] [15] [16] [17] [18] . It is worth paying attention to the methodology of research conducted in the aforementioned studies [18] [19] [20] . It is similar to the one established in this article. Also, in articles [21, 22] , neural networks for forecasting navigation values and communication techniques were used, which makes them useful in various studies-the effect of which is to be a predictive model.
Causes of Limited Operational Use of Satellite Systems in Aviation
The prior inspiration for research was an analysis of liability for damages arising with the lack of availability of GNSS navigation when an aircraft is taking an approaching procedure.
A question was to which regulations should be invoked in the event of damage or incident resulting from disturbances or discontinuities associated with the GNSS navigation. After putting up this question, a new problem arose. The causes of GNSS signal disturbances include law regulations, cooperation of systems and service providers, and, most of all, technical aspects of the satellite signal. Important limitations affecting the implementation of satellite systems in aviation have their sources in legal and administrative aspects. International cooperation in the field of law relating to satellite systems is an important factor in the context of the limited operational use of such systems. So far, bilateral or multilateral agreements concluded both by countries and organizations (ESA, EU, and EUROCON-TROL) can be found in this area. Such a solution could also be used by the United States of America and Russia, which would improve and regulate the access to the two largest satellite systems (GPS and GLONASS). So far, the standards of GNSS system implementation and development are regulated by organizations such as ICAO (International Civil Aviation Organization) or IMO (International Maritime Organization). Maintaining a high level of quality of regulatory solutions in the field of satellite systems is crucial. The rate of market growth in the satellite navigation sector is 25% per annum. The global space sector in 2007 had a revenue of 251 billion USD, which is over twice as much as the entire Polish budget. In 2020, the satellite market may be worth around 300 billion Euro. For Europe, the most important goal remains the development and implementation of the Galileo satellite system.
The application of the space law to aviation and vice versa is also questionable. Many representatives of the legal doctrine consider it unacceptable to apply aviation regulations to space activities, mainly due to the specific construction of aviation law distinguishing the sovereignty of states in air space above their territory. In Polish literature, however, you can meet different points of view. Berezowski et al. explains that the international aviation law regulates relations other than land or water, which indicates the possibility of treating space and air together in aviation [23] . However, this problem still remains unexplained considering the very dynamic development of technology in the field of both aviation and astronautics. Currently, we already have to deal with objects such as space planes or flying devices. In the future, one can therefore expect the necessity to establish new regulations that will determine the rules of using such vehicles [24] . 
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Particularly unregulated are also extremely important issues of liability for damages arising with the participation of an aircraft. A question is to which regulations should be invoked in the event of damage or incident resulting from disturbances or discontinuities associated with the operation of GNSS. Modern technology allows the action known as meaconing or MIJI (Meaconing, Intrusion, Jamming, and Interference) to disturb and silence received radio signals and then to retry again transmitting other beacons in order to confuse the navigator, as a result of which aircraft or ground stations receive inaccurate indications of object position. Such situations lead to an aircraft deviating from the course and even to its accident. Here, it is worth referring to [25] or [26] , which, however, only to a limited extent, corresponds to the need of sanctioning such acts.
The limited operational use of satellite systems can be caused by various errors that are inherent in the work of these systems. In general, the errors of satellite systems can be divided into four groups:
(1) Signal propagation errors, including (i) ionospheric errors, (ii) tropospheric errors, and (iii) multitrack errors (2) Relativistic errors (3) System operation errors (these are errors originating mainly in the space segment of the satellite system, but sometimes also in the terrestrial segment), including (i) satellite ephemeris errors and (ii) satellite clock errors (4) Receiver errors (this group of errors is generated in the user segment), including the DOP (dilution of precision) error
For this work, authors focused on ionospheric and tropospheric errors only.
The ionospheric error arises due to the delay of the satellite signal passage through the ionosphere. Alternatively, it can be called ionospheric delay or ionospheric refraction. It results from a change in the signal path and change in phase speed of the wave (signal) as well as the frequency of the carrier wave. This leads to change in the signal travel time [27] . The state of the ionosphere remains also under the influence of solar activity, manifested by changes occurring on the surface of the Sun and its atmosphere. These changes cause the fluctuations of radiation that reaches the Earth in the form of electromagnetic waves, including light, and the stream of particles emitted by the Sun (solar wind). Solar activity includes also changes in the number and distribution of sunspots. The basic cycle of changes in solar activity is about 11 years. In one such cycle, the Sun changes the level of activity from the minimum to the next minimum [28] .
The tropospheric error, also called tropospheric delay, is caused by both the dry troposphere and the moist troposphere. By the dry part, one should understand the atmospheric pressure, the air density, and its temperature, changing with altitude. It is assumed that the dry matter causes almost 90% of the tropospheric error (delay). The moist part of the troposphere is closely related to the very high content of water vapor in this atmosphere layer. This content results from the weather in troposphere-the presence of clouds and rainfall causes almost 99% of moisture in the lowest part of the atmosphere (counting surface waters of the Earth as well). The content of water vapor depends on the altitude and atmospheric phenomena (storms, fronts), too [29] .
Nevertheless, satellite systems are considered to be the future of navigation. They are constantly subject of projects and even entire research programs, in which the main goal is to develop the product. The similarity of the satellite navigation system structure means that some general directions of action can be identified until 2020. The main changes are the technical ones in space and terrestrial segments that will enable, among others, to extend the satellite's time of saturation, broadcast new signals on additional frequencies, increase the accuracy of measurements (especially in conditions of large urban development and other limitations of signal transmission), and increase the resistance of signal to interference. From the user's point of view, the International Journal of Aerospace Engineering information about the quality of the satellite signal provided and therefore the quality of the service is important. In case of the need to provide qualitative information (yes-GNSS navigation will be accurate, available, continuous, and integral or no-GNSS navigation will be either not accurate or not available, not continuous, and not integral for the exact period of time), the solution might be a quality-type alert in the GNSS panel dependent on forecast time, e.g., yellow bar with information that the GNSS signal may be lost in 1 hour or red bar with information that GNSS signal may be lost in 10 min. In case of the need to provide quantitative information, the best solution seems to be sending information about the parameters of the satellite signal and forecasted via a NOTAM message, especially that the "NOTAM D" has dedicated space for such an information. This would therefore require taking appropriate regulatory actions at the global level. Still, forecasting signal parameters seems to be a solution that allows users to choose the method and technology of work that is conducive to perform operation maintaining the highest possible level of security [30] .
Research Methodology
Artificial neural networks (ANN) are treated as an attempt to use phenomena occurring in nervous systems to solve research problems. The inspiration for their creation was the nervous system of a man who, after all, controls his body and mind. According to the researchers, artificial reproduction of such a system enables modeling and controlling processes occurring in the world of new technologies. ANN are currently used in areas such as electronics, cybernetics, automation, or mechanics. Sigmoid neuron belongs to one of the most popular group of neurons enabling construction of the perceptron multilayer neural network (MLP-multilayer perceptron). At the same time, it is worth emphasizing that the nonlinear sigmoid neuron is the most similar in functioning to the biological nerve cell. Multilayered perceptron (MLP) is a oneway type of neural network, in which neurons are arranged in layers (input, output, and hidden). Typically, networks with one or two hidden layers are built. The MLP network is trained by back propagation error method-typical for one-way networks (or the so-called feedforward networks) in which the flow of signals takes place only from the input to the output. In general, training is defined as the process of educating the network through the presentation of examples of the correct solution to the research problem. On this basis, the network attempts to solve the problem. After that, solutions are compared with the standards and the size of the error is determined as well. It is a natural phenomenon to strive for its minimization and hence long-term training of network. The length of training in this context refers to the number of examples of correct solution to the research problem. They belong to the so-called training set of the network-the main data set occurring in the process of building a neural network. A part of the training set (usually up to 20%) is isolated to the so-called validation set. It is used for periodic validation of the network, which is aimed at eliminating the phenomenon of overfitting. If the size of the training set allows it, it is worth separating one more set-the test one. It should be about 10% of randomly selected training cases and is used for one-time network control after training. The optimal situation is when the test set can be a set of data from the examined phenomenon in which real anomalies occurred. The network then can actually demonstrate the ability to detect them [31] .
The selection of data sample, determination of sets, and choice of the training algorithm are extremely important for models proposed in the article and final modeling result, which is the forecast. In the study, authors used measurements from the Warsaw station made in 2014 for the EGNOS satellite PRN120 during the APV-I vertical approach and a comparison of atmospheric conditions (cloudiness, humidity, precipitation, pressure, and temperature) from the same period and area. Supplement was data on solar activity. Four models were proposed corresponding to four satellite signal parameters: 
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Source: own study in MALTAB Neural Network Toolbox. Models were implemented to the MATLAB Neural Network Toolbox. Achieving satisfactory and at the same time optimal results was possible only by testing different model configurations. Therefore, eventually, the models differ in the number of neurons in the hidden layers or the division of the training set on subsets. In each of the model, the sigmoidal activation function was used and the variable values were normalized to range from -1 to 1. In the structure of all models, there is one hidden layer. During the research, it could be clearly observed that such a system is the best for models, while others, especially with more hidden layers, caused network overtraining. In this case, the rule was found that the more the hidden layers, the greater the strength of the network and, also, the greater its tendency to overtrain. In the process of creating models, especially in anticipation on the results, it should be remembered that the analyzed research problem of the influence of selected atmospheric conditions on the satellite signal concerns only one of many aspects determining the form of this signal. The article though attempts to answer the following question: which atmospheric conditions and to what extent they affect the satellite signal and whether it is possible to model parameter values having exclusively data on these conditions occurring during the use and measurement of the signal?
There were two kinds of data determined: input data (x) and output data (y): International Journal of Aerospace Engineering
The training set consisted of 181 samples; however, the set was divided into three subsets-training, validation, and test. Depending on the model, this division was in the 70%/15%/15% or 80%/10%/10% configuration. In addition, apart from the atmospheric conditions to the input of the network, the historical parameter data were added, i.e., in model ANN 1. Accuracy for input included x 4 , x 6 , x 8 , x 9 , x 10 and for output included variable y 1 etc. What is more, for individual models, the socalled best predicates were chosen and, therefore, those conditions, according to the expert research, hadthe greatest impact on a given parameter. In that case, the input signals (vector Χ) and output signals (vector Y and reference vector D) for individual models were formulated as follows:
(i) For model ANN 1. Accuracy,
(ii) For model ANN 2. Continuity,
(iii) For model ANN 3. Availability,
(iv) For model ANN 4. Integrity,
where i is the number of the next sample from the training set Table 1 summarizes the basic information about the network in each model. Different numbers of neurons in hidden layers have been determined as a result of testing many networks with different numbers of neurons. Each time a network giving optimal results following the basic criterion, the smallest error value MSE (mean squared error), was chosen. The additional criterion was the largest, in turn, value of the indicator R (regression). It represents the relationship between values of vectors: actual Y and standard D. When R = 1, the relation between Y and D is linear. When R turns to 0, the relations seem to be nonlinear. The higher the value of R, the smaller the difference between D and Y. Furthermore, the networks were analyzed in terms of different training algorithms. In the training process, the Levenberg-Marquardt (TRAINLM) algorithm, Bayesian regularization (TRAINBR), and the smallest pitch drop algorithm (TRAINGDM) were taken into account. The choice of these algorithms was dictated by their special features referring to the research problem, i.e., the possibility of memory reduction at large training sets, verifiability for small and moderately complicated network structures, and good generalization properties, avoiding network stuck in the local minimum function. The models used a simple validation (dividerand)-data set was randomly divided into three subsets: training, validation, and test. 
Results and Discussion
Artificial neural networks, in various configurations, built for the needs of four models have undergone training, validation, and testing processes. Different configurations of neural networks were tested in each of the models. However, always, the same rules were followed. Firstly, networks with different numbers of neurons in the hidden layer were tested (from 1 to 20 neurons in each model). The most representative networks were then selected. After the first step, these chosen networks were tested with different learning algorithms. The best ones were chosen again. At the end, different configurations of the training set division were tested and networks which achieved the smallest MSE value and the highest R value were selected as champion ones. In the tables, the following are listed in sequence: The results of the satellite signal parameter forecast were also presented and verified with real data. The optimal values of tested networks are listed in tables. For each training, the weights were randomly generated-reinitialized (the initial values were given for the network weights). When designing them, regardless of the model, specific initial conditions were set in MATLAB Toolbox: In Table 2 , the MSE error values and R indicator for different numbers of neurons in the hidden layer for model ANN 1. Accuracy were presented. Many networks were tested, but the most representative results were seen for networks with one, two, three, five, or ten neurons in the hidden layer. However, apart from the network with one neuron in the hidden layer, the remaining ones have been overtrained, as evidenced by the significantly increasing MSE error. The lowest error value was obtained for the LevenbergMarquardt algorithm (Table 3 ) with the structure of 70%/15%/15% division of the training set ( Table 4) .
The final stage of this part of research was to predict the value of a satellite signal parameter (position error). Therefore, in Figure 1 , the last nine samples that were subjected to the forecast were demonstrated and compared with the real values.
In the light of carried research, it is worth noting that the difference between the largest and the smallest accuracy errors expressed by the average HNSE and VNSE values for the nine samples taken to the forecast was only 1.185 m and that in the forecast itself was only 0.087 m.
In Table 5 , the MSE error values and R indicator for different numbers of neurons in the hidden layer for model ANN 2. Continuity were presented. Many networks were tested, but the most representative results were seen for networks with one, two, five, eight, or ten neurons in the hidden layer. The lowest error value was obtained for the LevenbergMarquardt algorithm (Table 6 ) with the structure of 80%/10%/10% division of the training set (Table 7) . 
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Similarly, the final stage was to predict value of a satellite signal parameter (number of discontinuity events). Therefore, in Figure 2 , the last nine samples that were subjected to the forecast were demonstrated and compared with the real values.
It is worth noticing that the difference between the largest and the smallest values of discontinuity events for the nine samples taken to the forecast was 13 and that in the forecast itself was 10.
In Table 8 , the MSE error values and R indicator for different numbers of neurons in the hidden layer for model ANN 3. Availability were presented. Many networks were tested, but the most representative results, similar to those of the previous model, were seen for networks with one, two, five, eight, or ten neurons in the hidden layer. Lower error value was achieved for the Levenberg-Marquardt algorithm (Table 9 ) with the structure of 70%/15%/15% division of the training set (Table 10 ).
The last part of modelling availability was to predict the value of a satellite signal parameter. In Figure 3 , the last ten samples that were subjected to the forecast were demonstrated and compared with the real values.
The difference between the highest and lowest value of availability expressed in % in the case of ten samples taken to the forecast amounted only 0.779%, and that in the forecast itself amounted 1.209%. In this model, despite of difficult to analyze data (concentrated at the value of 1 = 100%), the smallest MSE error value and the best results were obtained.
In Table 11 , the MSE error values and R indicator for different numbers of neurons in the hidden layer for model ANN 4. Integrity were presented. Many networks were tested, but the most representative results, similarly to those of two previous models, were seen for networks with one, two, five, eight, or ten neurons in hidden layer. Lower error value was achieved for the Levenberg-Marquardt algorithm (Table 12 ) with the structure of 70%/15%/15% division of the training set (Table 13) .
In Figure 4 , the last ten samples that were subjected to the forecast were demonstrated and compared with the real values.
The difference between the highest and lowest integrity values expressed by the protection level for ten samples taken to the forecast was only 0.091, and that in the forecast itself amounted 0.018. Small differences between data values caused great difficulties in training this network. The results, however, indicate that the network coped with such a problem and, finally, a near-real estimation of the signal integrity was obtained.
Conclusions
The paper attempted to answer the question on how to facilitate selection of navigation techniques for the aircraft operator, taking into account factors determining the accuracy, continuity, availability, and integrity of the satellite signal. As a result, the purpose of the work was defined as development of a method for forecasting the values of satellite navigation signal parameters used in air transport by artificial neural networks, taking into account selected atmospheric conditions. Results included in the work indicate further directions of satellite navigation system development There is a clearly visible interest in the issues of implementing satellite techniques for various areas of air traffic. It is possible to see a series of conducted research on both the operational parameters of satellite systems and the satellite signal itself. Still, it is important to notice that meteorological conditions in any area of aviation should not be underestimated due to their wide impact-the use of a GPS system entails the necessity to correct errors in determining the position caused by atmosphere or signal reflection.
It was found that the reasons for the limited operational use of satellite systems can be found in technical, organizational, or administrative aspects. Those connected with satellite communication require very precise legal regulations and international cooperation. Others, of a technical nature, occur in the form of errors or signal interference. International law is another aspect affecting satellite activity. In addition, the literature on the subject indicates that the evolution of satellite systems will include, among others, better protection of the signal against intrusive interference with its structure, more attention to tropospheric and ionospheric delay, advanced work on legal regulations improving the implementation of satellite navigation systems in civil aviation, and adaptation of aircraft fleet to receive satellite signals. Usually, for analysis of phenomena related to the satellite signal used for operational use in civil aviation, the model research is used. Experimenting on a real air operation can lead to dramatic effects. Therefore, numerous attempts were made to study signal interference and processes occurring in satellite systems during operation that have a potential impact on its reception. Models of artificial neural networks for the prediction of satellite signal parameters have been developed in this article. The publication includes, among others, The results allow to state that it is possible to forecast values of satellite navigation signal parameters used in air transport thanks to artificial neural networks. The verification of models through the comparison of the results with the real data also contributed to this. The authors of numerous scientific publications have proved that neural networks optimally work as a tool for modeling values of various parameters and, what is more, also for their forecasting. The necessary, adequate amount of data is a prerequisite for their use. In fact, ANN already have their application in the field of satellite systems [4, 6, 18, 22] ; they are also a popular and valuable tool in the research on other phenomena occurring in air traffic, especially during aircraft takeoff and landing operations. Undoubtedly, their advantage is the possibility of predicting phenomena and its graphic visualization in comparison to real data. Positive verification of models and leaving the possibility of extending them generate the prospect of conducting further research, including, for example: (i) extension of ANN models with new input variables (ii) creating an online application dedicated to users, displaying the values of satellite signal parameters in real time along with a predefined prediction, for example, for the next two hours, taking into account all available data on signal-interfering factors (iii) provision of signal forecast data via a dedicated application for general aviation users and VFR (visual flight rules) operators (iv) creating an application for an unmanned aircraft that automatically determines the choice of navigation technique (v) enabling dense aggregation of data (e.g., within every minute) from satellite signal parameters and atmospheric conditions by building a reference station with an adapted database and data storage, which will facilitate the creation of a model with more precise forecast
Data Availability
The measurements of EGNOS parameters used to support the findings of this study are available from the corresponding author upon request.
